Introduction
It is well known that anionic species as fluoride, nitrate, citrate and phosphate, play a very important role in living organisms and in environmental, agricultural and chemical processes. [1] [2] [3] This is the reason why their detection and quantification are areas of current attention. 4 In recent times, an increasing interest in the synthesis of new receptors capable of binding specific anionic guests 5, 6 has been observed.
In the field of supramolecular chemistry, sensitive and selective sensors, capable of recognizing different anionic species through their electrochemical and optical responses, have been designed. 4, 7, 8 Considerable attention is being focused in the design and synthesis of redox active receptor molecules that contain a responsive redox moiety and a binding group. 9, 10 Commonly, the receptor must be able to donate one or more hydrogen bonds to the anions. 11, 12 Moreover, selectivity is related to the energy of the receptor-anion interaction; in this sense, strong hydrogen bond interactions are established with anions containing the most electronegative atoms. 11 The higher the anion basicity, the stronger the hydrogen bond interaction. 6 Hosts containing a variety of donor groups have been investigated. Those containing the -NH fragment have been more extensively used for anionic detection. Some examples include ureas, thioureas, amines, thiamides, sulfonamides, pyrroles, and imides. 1, 4, 8, 10 Urea and thiourea groups have been widely used as sensors for biologically important anions over the past years because of their diprotic donor groups and their ease of synthesis and manipulation. 10, 13, 14 Usually, urea or thiourea groups are connected with a series of spacer units including cyclic structures such as naphthalene or anthracene, among others.
Fluoride is one of the most studied anions due to the important role that it plays in biological, medical and environmental sciences. 15, 16 Fluoride has beneficial effects in human physiology such as in dental care and in treatment of osteoporosis. 17, 19 However, in excessive doses, this anion can cause fluorosis, osteoclerosis and renal failures resulting from its toxicity. 20, 21 For all these reasons, it is very important to establish efficient methods for the determination of the fluoride anion. To date, several analytical methods including the fluoride selective electrode, [22] [23] [24] [25] liquid and gas chromatography, 26, 27 spectrophotometry, 28, 29 potentiometry 30, 31 and flow injection analysis system, 32, 33 have been reported.
Its chemical properties make the fluoride anion an ideal element for the development of urea-based sensors. 13, 34 Fluoride is the most electronegative atom and exhibits stronger basicity than other anions. Because of that, its hydrogen bonding interaction with donor groups as urea 12 is really effective. In addition to this, the small size of fluoride makes the selectivity of these sensors higher. [35] [36] [37] [38] [39] [40] The aim of this work is to develop a new electrochemical method for selective fluoride determination. To this end, a naphthalene urea derivative will be used as a selective fluoride receptor. Fluorescence experiments have demonstrated that this compound can be used as a selective sensor for fluoride, as it shows a unique signal when fluoride is added. Once the electrochemical parameters were optimized, the variations of the electrochemical response of the naphthalene urea derivative when fluoride is added and it is attached to the host molecule were studied by differential pulse voltammetry as an electroanalytical technique. (Scharlau, Spain) and dimethylformamide (DMF) (Carlo Erba, Italy) was used in the synthesis of the naphthalene urea derivative. Fluorescence experiments were carried out in an acetonitrile/dimethylsulfoxide solution, both from Scharlau (Spain). All reagents were of analytical reagent grade.
Experimental

Apparatus
Fluorescence measurements were carried out in a Hitachi F-2500 fluorescence spectrometer. A potentiostat Autolab PGSTAT 12, with a standard three electrode cell, was used for all electrochemical measurements.
All voltammetric experiments were carried out at room temperature and with a glassy carbon electrode (GCE) as working electrode and two platinum electrodes: one as a pseudoreference and the other as the auxiliary one. The electrochemical measurements were carried out by differential pulse voltammetry (DPV) technique with 10 -2 M tetrabutylammonium perchlorate solution as supporting electrolyte.
When it was required, activation and regeneration of the electrode surface was done by successive cyclic voltammetric scans from -0.5 to 1.3 V at 0.5 V/s in an ACN/DMSO (9:1) (v/v), 10 -2 M TBAClO4 solution.
Results and Discussion
Synthesis of the naphthalene urea derivative
The synthesis of the naphthalene urea derivative employed in this work (1,1¢-(naphthalene-1,8-diyl)bis(3-phenylurea), compound I, Fig. 1 ) was carried out according to Cho et al. 7 It can be briefly described as follows: 1,8-diaminonaphthalene and phenylisocyanate in a THF/DMF (2:1) solution are refluxed for 5 h. The white product obtained is then filtered and washed with acetone. The obtained 1 H NMR spectra were consistent with the proposed structure.
Fluorescence experiments
Cho et al. 7 tested the selectivity of this naphthalene urea derivative against other halogens: Cl -, Br -and I -. The authors calculated an association constants for F -and Cl -of 14200 and 380 M -1 (ACN/DMSO 9:1, v/v), respectively; therefore the selectivity for F -is almost 40-fold as compared to that of Cl -. On the other hand, no reaction with Br -or I -was observed and it was proved that the stoichometry of the fluoride and naphthalene urea derivative complex (I-F) was 1:1. Based on these results, we carried out some fluorescence experiments prior to the voltammetric study in order to investigate the response of I with different fluoride concentrations. The host spectra recorded (in ACN/DMSO 9:1, v/v) shows a maximum fluorescence signal at 379 nm (lexc = 310 nm) that decreases proportionally with the addition of fluoride. While the I fluorescence signal decreases, a new fluorescence peak, corresponding to I-F complex, appears at 445 nm. This new signal gradually increases when fluoride is added (Fig. 2a) . The observation of only one isosbestic point indicates the chemical transformation of I into I-F. These results agree with the aim of developing a fluoride sensor using a naphthalene urea derivative having fluoride as the host molecule. On the other hand, different salts (i.e. TBACl or TBAClO4) were assayed to be used as appropriate supporting electrolyte instead of TBAF for electrochemical experiments. The spectra shown in Fig. 2b correspond to different TBAClO4 amounts added to a 6 mM I solution. As it is possible to observe, if TBAClO4 is used instead of TBAF, no changes in the emission spectra of I were observed even for an added amount of 60 mM. Therefore, as the perchlorate does not bind to I, TBAClO4 was chosen as supporting electrolyte for further voltammetric experiments.
Electrochemical experiments Cyclic voltammetry. Prior to the optimization of the parameters affecting the differential pulse voltammetry naphthalene urea derivative response, some cyclic voltammetry experiments were carried out. The potential was scanned from -0.5 to 1.2 V (vs. pseudo-Pt) at scan rates varying from 5 to 600 mV/s; the results obtained are shown in Fig. 3 . The cyclic voltammograms despicted in this figure show one oxidation wave, while no reduction wave is observed. In addition to this, the Ep value varies with log Vb according to the equation: Ep (mV) = 981.45 -16.319log Vb (mV/s); r = 0.994. From both results, it can be concluded that an irreversible electrochemical process is occurring. On the other hand, as is shown in Fig. 4 , Ip increases linearly with V 1/2 , which indicates that the electrochemical reaction of I at the GCE is a diffusion controlled process. This conclusion agrees with the results obtained from the studies carried out about the influence of the previous analyte accumulation on the electrode surface. When both accumulation potential and accumulation time were modified, no influence of either of them was observed. Differential pulse voltammetry. In order to find the optimal conditions for the electrochemical analysis, all the instrumental parameters affecting the differential pulse voltammetric response of I were studied. A step of 10 mV, an interval time of 100 ms and a modulation time of 10 ms were chosen as initial conditions. Then the pulse amplitude value was scanned from 50 to 200 mV over the range from 0.0 to 1.3 V (vs. pseudo-Pt). An increment in the analytical signal was observed when amplitude values were increased until 160 mV; therefore this was the value chosen as optimal for subsequent studies.
The scan rate was conditioned by the step and the interval time values, so both parameters were tested, looking for the best sensitivity (Ip)/selectivity (WEp/2) ratio. The step value was varied from 5 to 30 mV (vs. pseudo-Pt) leading to a fast increase in the current until a step of 15 mV. For higher step values, the analytical signal remains constant. Therefore, 15 mV was set and used for further studies. Next, the interval time was varied from 100 to 500 ms recording the highest current at 300 ms, so that was the value maintained for subsequent studies. With both parameters fixed in 15 mV and 300 ms values, respectively, the scan rate for I determination was 50 mV/s. Finally, the modulation time was studied between 10 and 50 ms; the results showed a clear decrease in the peak current recorded while modulation time value was increasing. Therefore, 10 ms was chosen for further experiments.
Once the parameters affecting the electrochemical response were optimized, the variation of the Ip with different naphthalene urea derivative concentrations was evaluated under the final conditions selected as the optimal ones. The obtained results, 
Analysis of fluoride
Once the analysis of the naphthalene urea derivative was optimized, the electrochemical response of I was examined as a function of an added TBAF concentration by using differential pulse voltammetry technique under the optimal conditions described above.
In addition to the high selectivity that resulted from the formation of the complex I-F, previous assays related to the initial concentration of the naphthalene urea derivative were carried out in order to obtain the highest sensitivity for fluoride determination. An initial concentration of I, 5 ¥ 10 -5 M, was chosen as the optimal one because larger concentrations increased the LOD of fluoride, while smaller ones did not show a well defined peak of I.
The variations in the voltammograms recorded from a 5 ¥ 10 -5 M naphthalene urea derivative solution when fluoride concentration increases are shown in Fig. 6 .
Provided that an excess in the amount of I is present, two effects are observed: a decrease in the intensity of the oxidation signal corresponding to I due to the bonding of fluoride to I through the NH-group which is responsible of the electrochemical response, and, on the other hand, a variation in the peak potential value (Ep) which shifts toward more positive potentials as a result of the complex formation. For fluoride amounts nearly 1/2Iinitial, two oxidation waves with similar currents can be distinguished: one of them near 0.6 V and the other one at 1.0 V (both reported vs. pseudo-Pt). Once the stoichiometric ratio has been reached, the oxidation wave at 1.0 V shows an increase in the current respect to that at 0.6 V. This behavior could be explained if one takes into account the chemical reaction of the complex formation (I + F -´ IF) and the fact that it is an irreversible system from an electrochemical point of view. During the complex formation step and before fluoride additions of 1/2Iinitial, two oxidation processes take place: the direct I oxidation and the I-F oxidation. However, while I-F concentration is low with respect to I, it is not possible to distinguish the two waves corresponding to the two oxidation processes. The change in I Ep value to more positive values indicates that the presence of the complex in the proximity of the electrode surface (with its dissociation equilibrium) influences the electrochemical reaction of the naphthalene urea derivative. The decrease in the peak intensity while the complex is forming supports the conclusion that the signal corresponds to the oxidation of the naphthalene urea derivative.
When the complex concentration is getting higher (fluoride additions ≥1/2Iinitial), two signals can be observed, corresponding to the direct I oxidation (ca. 0.6 V vs. pseudo-Pt) and to the complex oxidation (ca. 1.0 V vs. pseudo-Pt), respectively, with Ep values constant irrespective of the successive fluoride additions. For a fluoride addition of 1/2Iinitial, both oxidation waves show similar peak currents. As expected, when the stoichiometric ratio (equivalence point) is reached (Fig. 6e) , the oxidation takes place through the complex, so the wave at ca. 1.0 V shows higher current than the wave at ca. 0.6 V that corresponds to the oxidation of I coming from the I-F dissociation equilibrium (IF + F -´ I). These results lead us to conclude that the complex oxidation occurs through its previous dissociation on the electrode surface. As was indicated before, higher fluoride amounts did not produce a significant variation in the response.
This inhibition of the analytical signal allows the determination of fluoride anion. Therefore, the decrease of the linear relation between Ip of naphthalene urea derivative when fluoride concentration increases, was studied. The results obtained show that the Ip decreases linearly from 0.1 to 1.0 mg/mL of fluoride (concentration ratio F/I = 1) fitting with the equation: Ip (mA) = 5.46 -4.07F -(mg/mL); r = 0.9961.
All the analytical data related to fluoride determination with the proposed method were evaluated. The sensitivity of the method was inferred from the calculated LOD and LOQ values of 3.16 ¥ 10 -6 M and 8.95 ¥ 10 -6 M, respectively, which are similar 26 or, depending on the samples, even better than others previously reported. 23, 41 These detection and quantification limits were calculated as the minimum fluoride amount that produced a decrease in the initial I signal higher than Ci + 3si and Ci + 10si values, respectively. In addition to this, the RSD(%)n=5 and Er(%)n=5 values obtained at four different concentration levels (from 5 ¥ 10 -6 to 5 ¥ 10 -5 M) were really satisfactory ranging from 1.4 to 4.8% (RSD) and in the range of 0.7 to 3.8% for Er data. The LOD reached is similar to ISE method; however, the proposed method has the advantage of not producing losses in the linear responses range as fluoride membranes do. Moreover, the high resistance of the sensing membrane does not allow miniaturizing the LaF3 based potentiometric sensors, which represents an added advantage of the proposed method.
Conclusions
A highly selective electroanalytical method for fluoride analysis is developed using a naphthalene urea derivative as host molecule for selective binding of fluoride anion resulting in complex I-F (1:1). The inhibition of the naphthalene urea derivative electrochemical response due to the formation of the complex with fluoride allows the anion detection at mM level without other halogen interferences. The performance of the method was satisfactory even at the lowest concentration tested.
